We have modified the kinetic equations for the absorption of hydrogen in transition metals to include the effects of strong subsurface bonding. The new equations show that the subsurface, self-trapped hydrogen acts as a valve for the admission of hydrogen into the bulk. The explanation for a number of experimental facts, not well understood before, neatly follows. Discrepancies between theory and experiments found earlier are explained by the inclusion of the subsurface term into the kinetic equation.
INTRODUCTION
The absorption of hydrogen in transition metals has been a subject of recent theoretical and experimental interest. In a series of experiments' 4 it was found that the absorption of hydrogen in the bulk is critically related to the details of the surface. In particular, it was shown that the Nb(110) surface covered with less than two monolayers of Pd absorbs hydrogen very slowly. However, when it is covered by more than three monolayers of Pd(111) the absorption into the bulk of niobium increases considerably. This is conventionally attributed to an increase in the electronic density of states at the Fermi level which enhances the dissociation of molecular hydrogen to atomic hydrogen.
The absorption kinetics (i.e. , time dependence) is, however, very difficult to explain in a self-consistent manner.
Pick et al. ' have solved a series of kinetic equations, originally written down by Conrad, Ertl, and Latta, assuming H exchange between the gas, surface, and bulk of the Nb sample. They obtain a good fit to the experimental, hightemperature, bulk uptake rates assuming a small value of the initial sticking coefficient. However, later experiments which observe directly the surface coverage, found the initial sticking S to be large. For instance, for Nb(110), S =0.3 compared with Pd(111) which has a sticking coefficient S =0.1. (i) The experimental time dependence does not follow the model at any temperature, i.e. , the charging curve saturates too fast.
(ii) The time dependence of the surface coverage implies high sticking rates and slow or no equilibration between the surface and bulk. This implies that the surface and the bulk are decoupled at room temperature and below.
We have shown earlier' that due to the interaction of the hydrogen with the surface vibrations, in certain cases, the hydrogen's binding energy increases considerably close to the surface. Quite recently, experimental evidence has also been found ' which is claimed to prove conclusively the existence of subsurface bonding, in accordance with our theoretical predictions.
As a consequence, the subsurface can be saturated with tightly bound hydrogen thereby blocking the diffusion of hydrogen through the surface into the bulk. This implies that the subsurface acts as a valve, which controls the passage of H between the surface and bulk. In the present paper, we show the consequences of the strong subsurface bonding for the absorption kinetics. The existence of subsurface bonding in Nb (110) atmosphere.
In addition, generalizing the kinetics equations of Pick, we predict the existence of a critical temperature below which the surface is decoupled from the bulk and above which the surface "valve" opens thereby allowing diffusion of hydrogen through the surface into the bulk.
KINETICS
Since considerable experimental data are available for the absorption of hydrogen by the Nb(110) surface we will restrict ourselves to comparing our results with experiments in this system. However, the qualitative conclusions are of a general nature and depend only on the existence of subsurface bonding. Our earlier calculations have shown that for Nb(110) the first subsurface self-trapping energy is quite large ( -0.56 -0.86 eV). This is comparable to the chemisorption energy of (0.55 eV) and, consequently, has to be taken into account. Therefore the energy of a hydrogen atom approaching the Nb (110) (10) where A, =Eb -E~is the subsurface self-bonding energy.
For Nb(110) we obtained earlier that 5, -0.3 -0.5 eV -3.6-6x 10' K. The situations of interest are the ones for which the bulk concentration x is small. Figure 2 shows the dependence of the critical temperature T, on x, using a reasonable choice for the parameters in Eq. (13). In general, the qualitative conclusions are not critically dependent on the choice of the parameters. The transition temperature very rapidly rises above room temperature (300 K) and then the rate of increase slows down considerably. At low typical concentrations (x -0.001), T, -600 K, and Fig. 3 In conclusion, we have used a simple model which includes subsurface self-trapping to resolve the discrepancies between theory and experiment for the absorption of hydrogen in Nb. The model extends the temperature range beyond which the kinetic equation can be solved. The most important feature of this model is the existence of the subsurface valve which controls the transfer of hydrogen through the surface. This explains in a natural way the full kinetics of absorption, including the time and temperature dependence of hydrogen absorption. We hope that further experiments in an extended temperature range can critically test the ideas presented here and can be further used to determine the parameters of the theory.
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